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The relationship between freezable water and cold hardiness during acclimation was
studied using vegetative buds from several apple {Malus domestica Borkh) cultivars
and from one saskaloonberrv' (Ametanchier atnifolia Nutt, cv. Smoky) cultivar.
According to leakage data and visual assessments of cortical browning, vegetative
buds of all cultivars were most tolerant to subfreezing temperatures in January. The
hardy condition was also associated with maximum tolerance to desiccation. Qual-
itative features of freezing exotherms (number of peaks and temperature of the
transition) were not correlated with the hardy condition in the tissues. However, the
amount of unfrozen water, determined by quantifying the energy of the exotherms,
increased with increasing hardiness. In buds that survived exposure to -4.5''C, freez-
ing reduced the intracellular water content, but only to levels above the critical
moisture content for desiccation damage. In buds that did not survive exposure to
-45°C, freezing reduced the water content to levels equal to or less than the critical
moisture content for desiccation damage. These observations suggest that the freez-
ing of water in nonhardy tissue dried the tissue to moisture levels at which severe
dehydration damage occurred. It appears that acchmaiion of vegetative apple buds
involves at least two processes: (1 j an increase in tolerance to dehydration and (2) an
increase in the level of unfreezable water.
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J . ^ to the water potential gradient, and then freezes (Burke
et al. 1976, Levitt 1980). Formation of extracellular ice

Woody plant tissues become tolerant to low temperatu- is associated with shrinkage of the cell (Ashworth et al.
res by preventing intracellular ice formation. Some flo- 1988), and it is believed that hardiness is limited by the
ral and xylem tissues exhibit deep supercooling where tolerance of the tissues to desiccation (Burke et al.
the lack of intracellular nudeation inhibits the equiiib- 1974, 1976, Gusta et al. 1975, Levitt 1980). More re-
rium condition which favors ice (Burke and Stushnoff cently, it has been demonstrated that intracellular water
1979, George and Burke 1977, Quamme et al. 1972). in tissues of very hardy species forms stable glasses
Tissues exhibiting this behavior have limited hardiness (Hirsh et al. 1985), In these cases, hardiness is probably
and generally cannot survive much below the tempera- dependent on the stability of the glass. Given a stable
ture of homogenous nudeation of water (-38°C) vitrified system, tissues could theoretically survive any
(Burke et al. 1976, George et al. 1974, Levitt 1980). In low temperature stress.
bark and vegetative buds, ice forms extracellularly and None of the described strategies is mutually exciu-
intracellular water migrates outside the cell, according sive. For example, formation of extracellular ice in-
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creases the intracellular solute concentration. The con-
comitant depression of the equilibrium freezing tem-
perature of cytopiasmic water makes the intraceliular
solution closer to its equilibrium state at subzero tem-
peratures. Extracellular ice formation may also allow
for a sufficient concentration of solutes so that the in-
tracellular water becomes unfreezable. !t has been sug-
gested that unfreezable water has amorphous qualities
and is essentially a glass with a high melting tempera-
ture (Vertucci 1990, Williams and Leopold 1989). In
other words, the formation of extracellular ice can en-
courage vitrification of the remaining solution in the
cells. We suggest that the strategies of extracellular ice
formation and vitrification are identical. Thus, the de-
gree of hardiness may be determined by the relationship
between the desiccation tolerance of the tissue and how
much desiccation is required to obtain a stable glass.

Studies of the hardiness of apple twigs showed no low
temperature exotherm in bark tissues (Ouamme et al.
1972). However, cells shrank upon exposure to subzero
temperatures (Ashworth et al. 1988), suggesting that
extracellular ice formed and the protoplasm became
severely desiccated. Buds from most cultivars of apple
tested survived exposure to liquid nitrogen temperatu-
res with proper treatment (Stushnoff 1987, Tyler and
Stushnoff 1988). Tolerance to liquid nitrogen tempera-
tures could be accomplished if (1) the buds were fully
acclimated, (2) they were cooled slowly to -30°C and
stored for up to 24 h and (3) they were then cooled
rapidly to -196°C (Sakai 1965, Stushnoff 1987, Tyler
and Stushnoff 1988). Controlled desiccation was also
required for the cryopreservation of less hardy cultivars
(Stushnoff 1987, Tyler and Stushnoff 1988). Desiccation
prior to freezing treatments was not required for sur-
vival of extremely hardy tissues (Guy et al. 1986, Stush-
noff 1987, Tyler and Stushnoff 1988). Studies have
shown that acclimated tissues had lower water contents
or higher solute concentrations (Burke and Stushnoff
1979. Burke et al. 1974, Gusta et al. 1975, Li and Weiser
1971. Sakai 1965, Tyler and Stushnoff 1988), and that
slow cooling to -30°C encouraged extracellular ice for-
mation and further reduced the amount of liquid water
within cells (Sakai 1965, Stushnoff 1987, Tyler and
Stushnoff 1988, Tyler et ai. 1988). These studies con-
cluded that only a certain amount of liquid water [as
measured by free induction decay of nuclear magnetic
resonance (NMR) signals] is allowable if tissues are to
tolerate extremely low temperatures (Chen et al. 1984,
Li and Weiser 1971, Stushnoff 1987, Tyler and Stushnoff
1988, Tyler et al. 1988). The second cooling process
whereby tissues are rapidly cooled from — 30°C to
- i96°C is believed to have two functions: (1) to prevent
further desiccation of the cell by extracellular ice growth
and (2) to encourage vitrification thereby preventing
intraceilular ice formation. (Hirsh et al. ]985, Sakai
1965, Stushnoff 1987, Tyler and Stushnoff 1988, Tyler et
al. 1988).

There appears to be a balance between the necessity

for desiccation and a sensitivity to desiccation. The pre-
sent study was designed to explore the interaction be-
tween desiccation sensitivity and the presence of un-
freezable water in acclimating vegetative buds from ap-
ple and Ametanchier twigs at different stages of
acclimation to cold.

Abbreviations - DSC, differential scanning calorimetry: g g ',
g H;O (g dry weight)'; L.,, liquid water at temperature (T):
MC, moisture content: AH, enthalpy.

Materials and methods

Plant tissues

Twigs from apple {Matus domestica Borkh) and saska-
toon (Amelanehier atnifolia Nutt.) cultivars with vary-
ing degrees of hardiness were harvested in the fall and
winter of 1987/88. Apple twigs were harvested from
orchards in Fort Collins, CO (cvs Dolgo and Man-
churian Crab) or Grand Junction, CO (cvs Golden Deli-
cious and Red Delicious) and Ametancier (cv. Smoky)
was harvested in Saskatoon, Saskatchewan. Twigs were
sealed in plastic containers containing water-soaked
blotter paper and stored at -5°C until used (usually
within 2 weeks). Lateral buds were excised from the
twigs just prior to use. Care was taken to cut buds so
that xylem tissue was not included in the bud tissue
studied.

Viability assays

To determine the hardiness of vegetative buds harvested
between November and March, twig sections and ex-
cised buds of the cultivars were cooled at \°C min ' to
temperatures as low as -50°C. [This cooling rate, al-
though not physiological, was used because it enabled
us to compare the viability of buds that were treated in
the identical manner as buds used for differential scan-
ning calorimetry (DSC) studies]. Cooling of excised
huds was accomplished by loading samples into both
compartments of a DSC4 (Perkin Elmer, Norfolk, CT,
USA) and using a programmed cooling rate. Twig sec-
tions were sealed in plastic cryovials and cooled at TC
min ' in a methanol bath. After the cooling treatment,
tissues were immediately removed and reached room
temperature within 1 min. Stem sections were then
placed in a Petri plate with moistened paper and al-
lowed to incubate at 10°C for 3 weeks. After this period,
browning of the cortex was evaluated on a visual rating
system of 1 to 5, 1 being no cortical browning and 5
being very brown. Assessment of damage to excised
buds by exposure to freezing temperatures was evalu-
ated by using electrolyte leakage assays (Murray et al.
1990), Leakage of individual buds was measured at
10-min intervals with a 100-welled ASAC-1000 conduc-
tivity meter (Neogen, Lansing, MI, USA). The rate of
leakage within the first hour of soaking was calculated
and normalized to the dry weight of the bud.
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Tolerance to desiccation was studied by drying buds
in an open container at -5°C to various moisture levels.
As the relative humidity of the refrigerator was main-
tained at 30%. moisture contents ranging from 0.1 to
about 2.0 g HjO (g dry weight)"' (g g"') could be
achieved by manipulating the time of exposure to the
air. Electrolyte leakage was also used as a viability assay
in these experiments (Vertucci and Leopold 1987). Be-
fore leakage measurements were taken, desiccated sam-
ples were hydrated overnight at room temperature
(about 22°C) and 100% relative humidity to avoid dam-
age from imbibitional injury. The critical moisture con-
tent (MC) below which buds could not be dried without
damage was determined from the point of intersection
of two lines drawn for buds with higher and lower MCs.
The points used in the regression analyses for buds with
lower MCs had standard deviations of leakage values
that were significantly greater than the standard devia-
tion of leakage rates calculated from buds with MCs
greater than 0.6 g g ' (November and January harvests)
or (1.8 g g" ' (March harvest).

Calorimetry and moisture content determinations

The thermal behavior of water in excised buds at sub-
zero temperatures was measured by using the DSC,
calibrated between 156° and -95°C with indium and
mcthylene chloride standards. Tissue samples were her-
metically sealed in aluminum pans and cooled at TC
min '. Cooling thermograms were recorded between 0°
and -60°C. There were no qualitative or quantitative
differences between thermograms for apple buds cooled
at this rate and at 0.2°C min '. the lower limit for
scanning rate in our DSC (unpublished data). After the
scan, the dry weight of the bud was determined after
drying for 5 days at 75°C. Thermograms of buds with
high MCs had slightly curving baselines after the
exothermic event. While this may be a result of in-
strument artifact, it is more likely a result of small
amounts of water freezing continuously after the main
exotherm. To avoid bias in interpreting these thermo-
grams, the energy of the freeze was calculated by in-
tegrating between the temperature of the onset of the
exotherm and -32°C, rather than integrating only obvi-
ous exothermic events. The glass transition temperature
for concentrated sucrose/water mixtures is about
-32°C, so at this temperature the freezing process is
theoretically complete (Hatley et al. 1991). This treat-
ment of the data had no effect on the calculated area of
exotherms from buds with MCs less than about 0.6 g
g ', but tended to increase the calculated energy of
exotherms from buds with higher MCs.

To determine the amount of water that did not freeze,
the energies of the exotherms from buds at various
moisture levels were quantified and related to the MC
of the bud by least-squares fit to a linear regression. The
slope of the line represents the apparent energy evolved
from the freeze on a per gram of water basis, and the

x-intercept is a measure of the amount of water that did
not freeze (Ladbrooke and Chapman 1969, Roos 1987,
Vertucci 1989, 1990). It is acknowledged that quantifi-
cation of the energy from warming thermograms is pre-
ferred for a heat-compensated calorimeter such as that
produced by Perkin Elmer. However, previous work
(Vertucci 1990) has demonstrated a linear relationship
between the energy of exotherms and the water con-
tent.

Results

From previous field experience, it is known that cvs
Smoky and Dolgo are more resistant to cold injury than
the other specimens studied. Cultivars Red Delicious
and Golden Delicious are relatively cold-tender cuUi-
vars, and cv. Manchurian Crab has intermediate hardi-
ness. Leakage measurements (Fig. 1) showed no dif-
ferences between buds har\'ested in November and Jan-
uary except for cv. Golden Delicious. Visual ratings of

-20 -40

TEMPERATURE, °C
Fig. 1. The sensitivity of vegetative buds from apple and saska-
toon twigs to subfreezing temperatures, as indicated by electro-
lyte leakage. Buds were harvested in November (squares),
December (stars, cv. Golden Delicious only), January (circles)
and March (triangles) and cooled at 1°C min ' to various
temperatures. The points represent the mean of 4 replicates.
The SD for buds exposed to - 15°C and above was between 0.(11
and 0.04. For buds exposed to -25°C and lower, SD averaged
I).O6 (November), 0.02 (January) and 0.13 (March).
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Tab. 1. Visual ratings of cortical browning in stem sections of 4
apple and I saskatoon cvs harvested in the winter months of
1987/88 and exposed to temperatures from 0° to -45''C. The
cortical tissues of stems scored as 1 were pale green and those
scored as 5 were brown. Numbers represent the average of 4
replicates.

Cultivar Harvest Temperature (°C)

-15 -30 - 4 5

Dolgo

Golden Delicious

Manchurian Crab

Red Delicious

Smokv Saskatoon

Nov
Jan
Mar
Nov
Dec
Jan
Mar
Nov
Jan
Mar
Nov
Jan
Mar
Nov
Jan

1
1
I
i
!
i
1
1
1
1
I
1
1
1.5

1
1
1.5
4.5
1.5
1
2.5
2.5
1
1.5
5
1.5
3.5

1
3.5
5
3.5
3
4.5
5
1
5
5
5
5

cortical browning (Tab. J) showed maximum hardiness
in January for all cultivars. Of the twigs harvested in
November, only cvs Dolgo and Smoky survived expo-
sure to -45°C, cv. Manchurian Crab had hardened
somewhat to -30°C, and cvs Red Delicious and Golden
Delicious did not survive exposure to -30°C (Tab. 1).
Except for cv. Smoky (no data collected), samples har-
vested in March had high leakage rates after exposure
to temperatures of -30°C and lower (Fig. 1), and
browning scores (Tab. 1) confirmed tissue damage at
-45°C.

Changes in the sensitivity to desiccation of buds har-
vested at different times during the winter were evalu-
ated by comparing initial rates of electrolyte leakage
from buds dried to various moisture levels (Fig. 2). For
all cultivars except cv. Smoky harvested in November,
leakage rate increased abruptly when buds were dried
below a critical point (Fig. 2). Data on leakage rate vs
MC were fitted to two lines and the MC of the in-
tersection was assigned as a critical moisture level, be-
low which buds were damaged by desiccation. For all
the apple cultivars, the critical MC was lowest for buds
harvested in January and highest for buds harvested in
March (Fig. 2, Tab. 2). Buds from cv. Smoky that were
harvested in November were dried to moisture levels as
low as 0.07 g g ' with no increase in leakage. This
extreme tolerance to desiccation was not exhibited in
buds harvested in January, which showed increases in
leakage at 0.23 g g~'.

The freezing behavior of water in vegetative buds of
the samples harvested throughout the winter was as-
sessed by using DSC. Changes in the qualitative and
quantitative characteristics of the heat flow profiles
were evaluated for buds dried to different moisture
levels. Representative thermograms for cvs Dolgo and

E
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0.2

0.1

0.2

0.1

0.4

0.3

0.2

0.1

0.1

GOLDEN DELICIOUS

MANCHURIAN CRAB

RED DELICIOUS

SMOKY

r 1 * .
0.4 0.8 1.2 1.6 2.0 2.4

WATER CONTENT, g water (g dw)''
Fig. 2. The sensitivity of vegetative buds from apple and saska-
toon twigs to dehydration as indicated by electrolyte leakage.
Buds were harvested in November (squares), January (circles)
and March (triangles), dried to different moisture levels, and
then rehydrated prior to leakage measurements. The drawn
curves represent the best least-squares fit of two lines to the
data, except for ev. Smoky buds harvested in November,
where only one line could be drawn.

Golden Delicious buds harvested in November are
given in Fig. 3. There were several sharp exotherms
indicating the freezing of water in hydrated buds. As the
buds were dried, the exotherms became broad (Fig. 3).
There were usually 2 to 4 distinct exothermic peaks in
buds with moisture contents greater than 0.6 g g' ' re-
gardless of the harvest date.

The temperature at which water was observed to
freeze varied with MC, but not with harvest date or
cultivar (Fig. 4). At MCs greater than about 0.5 g g ',
the onset of freezing was between - 5 and -8°C. Within
this moisture range, the freezing temperature was rela-
tively constant for buds harvested in November and
January, but declined slightly with decreasing MC for
buds harvested in March, For buds harvested in Novem-
ber or March, the onset temperature of the freeze de-
clined sharply when buds were dried to an MC below
0.5 g g"'. Freezing temperatures as low as -28°C were
observed. Significant changes in freezing temperatures
were not observed for buds harvested in January, be-
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Tab. 2. Summary of critical MC and DSC parameters for vegetative buds of 4 apple and 1 saskatoon cultivar harvested in the
winter months of 1987/88. The MC below which buds leak rapidly is the point of intersection of the lines in Fig. 2. The amount of
unfrozen water, enthalpy of freezing, and coefficient of determination are calculated for the lines in Fig. 5. Superscripts a. b. and c
represent coefficients that are significantly different at the level indicated in parentheses. Parameters assigned similar superscripts
are not significantly different at a = 0.25.

Cultivar

Dolgo
Nov
Jan
Mar

Golden Delicious
Nov

Dec
Jan
Mar

Manchurian Crah
Nov
Jan
Mar

Red Delicious
Nov
Jan
Mar

Smokv Saskatoon
Nov
Jan

DW ±SE
of bud.

mg

2.64 ±0.2
2.73 ± 0.39
2.70 ± 0.20

1.92 ±0.40
2.30 ±0.33
3.47 ± 0.36
3.40 ±0.22

4.31 ±0.43
2.97 ±0.29
3.95 ± 0.32

3.28 ±0.24
3.07 ±0.51
3.31 ± 0.27

4.67 ±0.29
2.18±0.12

MC below which
buds leak rapidly.
g H,O (g DW)-'

0.21
0.18
0.58

0.55
no data

0.38
0.93

0.4!
0.31
0.52

0.52
0.47
0.75

not detected
0.23

MC below which
water is unfreezable.

gH,O(gDW)- '

0.36''<"-"""
0.38"
0.26'

0.12"
O.37'«
0.40< ' " - " '•'•

0 . 2 1 ' " " - " ' "

y 4 | h fr! = i*lJl)

0.41"
0.23"

0.40"
0.39"'"-"'"'
0.28"

0.30"
0.30"

AH of
freezing.

- J ( g H , O ) '

290"
300"
281'

201"
309"
295"
260"'""""^'

285'
.131"
280"

312"
308"
292"

288"
311"

Coefficient of
determination.

R=

0.97
0.94
0.99

0.91
0.94
0.89
0.94

0.98
0.95
0.99

0.91
0.98
0.98

0.99
0.99

Fig. 3. Heat flow profiles of cvs Dolgo and
Golden Delicious buds harvested in Novem-
ber 1987 and dried to indicated water levels
(on a g g~' basis). Heat flow profiles were
recorded as buds were cooled at 1°C m i n ' .

-12 -24 0
TEMPERATURE, °C

-12 -24
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Fig. 4. The onset temperature of water freezing in vegetative
buds from apple and saskatoon harvested and dried in Novem-
ber. January and March. Symbols are for different cultivars as
indicated in the legend. Data were taken from heat flow pro-
files similar to those in Fig. 3.

cause MCs were generally less than 0.75 g g"' and
transitions were not observed in buds with MCs less
than about (l.3<) g g ' (Fig. 4 and Tab. 2). When the MC
of the sample was considered, there was no discernable
trend between the number of exothertns or the onset
temperature of exotherms as a function of harvest date.

The energy of the freezing transition was quantified
by measuring the area of the freezing exotherms. There
is a linear relationship between this quantity (AH),
normalized to the dry weight of the bud, and the MC of
the bud (Fig. 5). The amount of water which did not
freeze is the x-intecept of the line. The leve! of unfrozen
water in bud tissues ranged from 0.12 g g ' to 0.41 g g '
and changed during the course of the winter (Fig. 5,
Tab. 2). Generally, the level of unfrozen water was
a 0.3 g g"' for buds harvested in January and November
and <0.3 g g ' for buds harvested in March. Buds
harvested from cv. Golden Delicious in November are
an exception, as freezing transitions can be detected in
buds with MCs as low as 0.12 g g '. The slope of the AH
(dry weight) ' vs MC curve reflects the energy of the
freeze on a per gram of water basis. Although differ-
ences among harvest dates were not significant at

a = 0.25, the value for the energy of the freeze tended
towards what is expected for pure water |-333 J (g
H:O)~'] in midwinter (Tab. 2).

During the winter months, there is a change in the
low temperature limit to which apple buds can be ex-
posed without significant increases in leakage or cortical
browning. Similarly, there is a change in the level of
dehydration that the buds can withstand without in-
creases in leakage. While the temperature at which
water freezes does not change as a function of harvest
date, the amount of water that remains unfrozen in-
creases, and the energy of the water that does freeze
approaches that of pure water during the winter months
(Tab. 2).
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Fig. 5. The energy of the freezing transition in vegetative huds
from apple and saskatoon twigs harvested in November
(squares), December (stars, cv. Golden Delicious only), Janu-
ary (circles) and March (triangles). Buds were dried to various
moisture levels to achieve the AH (dry weight) ' vs water
content relationship. Transition enthalpies were determined by
measuring the area of exotherms similar to those in Fig. 3. The
lines are the least-squares best fit to the data.
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Discussion

The experiments in this study were designed to deter-
mine the interaction between hardiness ievel, tolerance
to desiccation and the freezing behavior of water in
dormant vegetative buds of 4 apple and one saskatoon
cultivar. Buds were most tolerant to low temperatures
in January (Tab. 1, Fig. 1). Except for cv. Smoky,
tolerance to desiccation followed the same trend as bud
hardiness: when buds were hardier, they also tolerated
dehydration to lower MCs without significant increases
in leakage (Tab. 2, Fig. 2). There was a trend towards
increasing levels of unfrozen water in the hardened
condition: when buds of a given cultivar were hardiest
they usually had the highest level of unfrozen water
(Tab. 2). However, the amount of unfrozen water did
not appear to be linked to hardiness per se, since the
level of unfrozen water was sometimes higher in cold-
tender cultivars. In cases where buds apparently sur-
vived exposure to -45°C [browning :£ 3 (column 6, Tab.
1) and low leakage (Fig. 1)], the critical MC for des-
iccation damage was always lower than the MC at which
only unfrozen water was present (compare columns 3
and 4, Tab. 2). In cases where tissues did not survive
-45°C |browning >4 (column 6, Tab.l)] or were se-
verely damaged by exposure (browning = 3.5 and high
leakage), the critical MC for desiccation damage was
equal to or greater than the level of unfrozen water
(Tab. 2).

It has been hypothesized that extracellular freezing
may remove "vital water" from the cell resulting in a
lethal desiccation stress, and that hardiness is depend-
ent on the water-retaining power of the cell (Tumanov
1969, Weiser 1970). This hypothesis has not received
strong support from studies of the amount of unfreez-
able water in tissues in relation to their level of acclima-
tion. While some researchers report increases of
"bound" water with acclimation (Chen et al. 1984, Jo-
hansson 1970, Krasavctsev 1968, Samygin and Livshin
1970, Storey 1983, Storey and Storey 1983, Tumanov
1969), others have shown that there is no relationship
between unfreezable water and hardiness (Burke et al.
1974, George and Burke 1977, Gusta et al. 1975, Tyler
et al. 1988). Methods of quantification of the amount of
unfreezable water may have contributed to the contro-
versy. In some calorimetric studies, the amount of un-
freezable water was calculated assuming that the heat of
fusion of water in concentrated solutions is identical to
that of pure water [-333 J (g H^O) '] (Johansson 197!),
Krasavetsev 1968, Samygin and Livshin 1970, Tumanov
1969). Recent studies have demonstrated that this ap-
proach may be erroneous (Blond 1989, Hatley et al.
1991, Vertucci 1990). The calculations of the level of
unfrozen water in the present study do not rely on an
assumed heat of fusion of pure water. However, there
are limitations to this method in that determinations of
the baseline from which area measurements are made
are difficult. Also, because the temperature of freezing

varied with moisture content and the heat of fusion is a
nonlinear function of temperature, we would expect
some nonlinear behaviour of the enthalpy vs moisture
content relationships.

Studies calculating the amount of unfreezable water
by using NMR are also subject to interpretation because
of the nonlinear nature of Lp vs T~' plots (George and
Burke 1977, Gusta et ai. 1975, Tyler et al. 1988). In
most cases, Lp deviates strongly from a linear relation-
ship with T"' at about -30°C. Thus, calculations of the
level of unfrozen water will be affected by the tempera-
ture range of the linear regression data as well as the
initial moisture content of the tissue (the latter factor
affects the temperature at which water freezes). In spite
of these difficulties, slight increases in the level of un-
frozen water were reported for cereals with increasing
hardiness within a cultivar, but there was no correlation
between cultivars (Gusta et al. 1975).

NMR studies of the amount of liquid water remaining
after equilibration at subzero temperatures have
demonstrated that (1) the amount of water that freezes
is generally not correlated with tolerance to low tem-
peratures and (2) the amount of water that remains
liquid is not related to hardiness. Our results are consis-
tent with the first finding, and can be justified by ratio-
nalizing that, given fully hardy tissue, more water will
freeze in a hydrated sample (because there is more
water) than in a slightly desiccated sample, and yet both
tissues can survive exposure to -45°C. This is the prin-
ciple behind the linear plots of AH vs MC in Fig. 5. Our
results do not support the second conclusion of the
NMR studies, mostly because of interpretation. NMR
measures the mobility of protons. The line widths for
fluid aqueous solutions range from several Hz to about
8 X 10' Hz; protons giving these line widths are said to
be from "liquid" water (Burke et al. 1974). However,
water at macromolecular interfaces has restricted mo-
bility, and though it is liquid in the strictest sense, it may
give NMR line widths of between 3 x 10* and 10' Hz. It
is believed that this type of water has glassy tendencies
and does not freeze (Vertucci 1990, Williams and Leo-
pold 1989). It is also suggested that this type of water is
important to the desiccation tolerance in plant tissues
(Burke 1986. Pammenteret al. 1991, Vertucci and Leo-
pold 1987, Williams and Leopold 1989). Because of the
restricted mobility, measurement of this water at am-
bient temperatures by using NMR at frequencies less
than 3 X 10̂  is difficult. Because this water does not
freeze, its phase properties change only slightly when
the sample is cooled to subzero temperatures (Vertucci
1990). Consequently, measurements of the amount of
water that remains "liquid" (i.e. mobile enough to be
detected with NMR) at -5n°C do not account for the
water that was sufficiently immobilized to be unde-
tected by NMR even at room temperature. It is the
latter type of water which we postulate increases during
acclimation.

Evidence supporting our hypothesis that the condi-
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tion of water changes with acclimation can be derived
from NMR studies at room temperature, which show
significantly faster relaxation times (reduced proton
mobility) for water in acclimated cotnpared to non-
acclimated stems of Red Osier dogwood, especially in
the signals considered to be intracellular water (Burke
et al. 1974). Based on NMR images of dormant and
nondormant vegetative apple buds, it has been postu-
lated that the amount of "bound" water changes during
the winter months and that water in dormant buds has
restricted mobility (Faust et al. 1991).

It has been suggested that survival at low temperatu-
res is a function of tolerance of, rather than resistance
to, desiccation (Burke et al. 1974, 1976, George et al.
1974. Gusta et al. 1975, Levitt 1980). Our data suggest
that freezing tolerance in vegetative buds is a function
of both the ability to survive dehydration and the ability
to maintain a certain level of water. Both the level of
desiccation tolerance and the amount of unfreezable
water change during acclimation. We suggest that hardi-
ness results when the freezing of water does not des-
iccate tissues to damaging levels; this is achieved when
the level of unfrozen water is greater than the critical
moisture level for desiccation damage.

Comparisons of the apparent energy of water freezing
[slopes of AH (dry weight) ' vs MC curves in Fig. 5[
suggest that this value changed in samples harvested at
different times and was most similar to pure water in
buds harvested in January. Since the calculated heat of
fusion is a composite of several processes, including the
heat of fusion of pure water, ice adsorption, the disasso-
ciation of solutes and macromolecular surfaces from
solvent water and the temperature dependence of the
enthalpyoffusion (Burke etal. 1974, Hatley et al. 1991,
Olien 1974, Vertucci 1990), it would be expected that
the measured values would be less than the theoretical
value of -333 J (g H,O) '. It is suggested that the low
enthalpies calculated for cold-tender buds may be a
result of artifacts induced by the rapid cooling rates (TC
min ') and quantification of the energy in exotherms; it
is conceivable that water which would ordinarily mi-
grate to the extracellular spaces is not given adequate
time to do so at moderately low temperatures, and so is
not detected.

It is generally accepted that the limit of tolerance to
low temperatures for woody tissues exhibiting extracel-
lular ice formation is a function of the desiccation toler-
ance of the tissue. The results presented in the present
paper are consistent with this hypothesis. Our results
also indicate that the ability to reduce the level of desic-
cation by increasing the level of unfrozen water is aug-
mented in hardy tissues. Thus, we conclude that hardi-
ne.ss to low temperatures is achieved in a two-step pro-
cess whereby both resistance and tolerance to desicca-
tion increase. The process may involve changes in the
concentration of protective solutes or in the behavior of
water at macromolecular interfaces.
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